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ABSTRACT 
Elder, Nate I. M.S.E., Purdue University, December 2013.  Effects of blood flow on the 
heating of cardiac stents due to radio frequency fields.  Major Professor:  John Nyenhuis. 
 
 A safety concern during MRI scans with implanted medical devices is heating 
induced by the incident RF field. This research was performed to better understand the 
heating of cardiac stents during MRI. Heating of cardiac stents tends to occur at their 
ends. The temperature rise will be affected by blood flow through the lumen of the stent. 
In this work, an experiment was performed to simulate heating of a cardiac stent in the 
presence of blood flow during exposure to the electric field induced by a 64 MHz 
magnetic field, which corresponds to MRI at 1.5 T. The test procedure was based on the 
one specified in ASTM F2182-11a. The test article was a 3.5 mm diameter x 70 mm long 
stent. The rate of liquid flow through the stent was varied with a flow meter and the 
temperature rises at the ends and the middle of the stent were measured with fiber optic 
sensors. With no flow, temperature rise scaled to the local background SAR was 0.89 
ºC/(W/kg). Temperature rise decreased as flow rate increased and reached the minimum 
value of 0.39 ºC/(W/kg) for the maximum flow rate of 251.4 m/h. Computer simulations 
of temperature rise for idealized stents in the form of cylindrical conducting shells 
yielded rises  consistent with the experimental findings. It is concluded that in-vivo 
temperature rise of a coronary stent during MRI will be less than half of the value that 
would be predicted from in-vitro tests that do not incorporate the cooling effects of blood.  
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1. INTRODUCTION 
 
 Medical imaging is a fast growing sector of modern health care. Research has shown 
an average 10% annual increase in Magnetic Resonance Imaging (MRI) scans performed 
for patients enrolled in large integrated healthcare systems between years 1996 and 2010 
[1]. During this time frame, cardiac stent implantation has also been prolific. In 2010, 
surgeons in the United States performed 500,000 percutaneous coronary intervention 
procedures, with stents implanted in 454,000 of those procedures [2]. 
 The safety of using MRI scanners to image patients with implanted medical devices 
has been a concern for health professionals, medical device companies, and regulatory 
agencies. Although safety hazards due to magnetic force and torque can be mitigated by 
making devices from non-ferromagnetic materials, heating of devices due to the incident 
magnetic field is a less easily quantified problem. 
 Previous studies have been performed by placing the device in a container, known as 
a phantom, in an RF coil or MRI scanner and measuring the temperature rise with fiber 
optic temperature probes. The phantom is typically filled with a fluid medium that 
mimics the conductivity of human tissue. Fluids with high viscosity, such as poly acrylic 
acid (PAA), are used to mitigate heat transfer in the medium due to free convection. 
 To better approximate the heating of stents during MRI scans in vivo, an 
experimental setup was designed to measure the temperature rises of two overlapped 
stents at several different flow rates. By measuring temperature rises of stents with 
simulated blood flow, the actually temperature rises for coronary stents in MRI scanners 
can be better understood. 
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2. BACKGROUND 
2.1. Coronary Stents 
 The coronary arteries are a critical part of the circulatory system that provides blood 
perfusion to the heart muscle. The left main coronary artery and right main coronary 
artery branch off of the ascending aorta superior to the aortic valve. The main coronary 
arteries branch into progressively smaller arteries that then branch into capillaries that 
cover the heart. 
 The risk of myocardial infarction is increased by a narrowing of the inner cross 
section of the coronary arteries. This narrowing of a blood vessel is known in medicine as 
stenosis. To treat some patients with stenotic coronary arteries, a non-surgical procedure 
known as Percutaneous Coronary Intervention (PCI) is performed by inserting a deflated 
balloon in a catheter through a peripheral artery, routing through the circulatory system 
and into afflicted coronary artery.  The balloon is then inflated to push out the walls of 
the stenotic artery. In some cases a coronary stent is left behind to retain walls of the 
artery and prevent reocclusion [3]. 
2.1.1. Coronary Blood Flow 
 Blood flow in arteries is a highly complex process. Flow rates vary greatly due to 
physical activity and health. According to phase-contrast MRI studies performed on 
normal subjects, Gatehouse, et al. determined 90 mL/min as the typical coronary artery 
volumetric blood flow rate at rest, although this value can increase by as much as a factor 
of 5 with pharmacological stress [4]. 
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2.1.2. Coronary Heart Disease rates in America 
 Coronary heart disease is a major medical concern. According to American Heart 
Association statistics from years 2007 through 2010, 6.4% of United States residents 
suffer from coronary heart disease [2]. This number is estimated to rise to approximately 
18% by the year 2030 [5].  The American heart association estimates that an American 
experiences a myocardial infarction, commonly known as a heart attack, every 44 
seconds. It is estimated that myocardial infarctions result in an average 16.6 year loss of 
life per patient [2]. 
2.2. RF Heating 
 A major factor in MRI safety is device heating. MRI scanners use two distinct 
magnetic fields. A strong static magnetic field is used to align the water molecules in the 
scanned object and a radio frequency (RF) field is used to then tilt the water molecules. 
Although there is usually a very small temperature rise while scanning due to energy 
absorption, more significant temperature rises can occur when foreign objects are present. 
When a wire-like conductive object is present, the RF field induces currents in the object. 
Resistance to the current produces heat, which leads to a local temperature rise greater 
than the typical background temperature rise. Heating due to radio frequency fields is 
highly dependent on the geometry of the object. Hot spots typically occur where the 
induced currents are concentrated at sharp, pointy features tangential to the RF field [6]. 
2.2.1. Specific Absorption Rate (SAR) 
 Specific Absorption Rate (SAR) is a parameter used to quantify RF energy absorbed 
per mass of tissue, typically measured in Watts per Kilogram and can be expressed by 
equation 2.1. 
     
     
 
 
                                                            (2.1) 
Where σ represents electric conductivity,     
  represents the electric field root mean 
square value, and   represents the mass density. 
 Whole body SAR refers to RF energy absorbed averaged over the entire body. Since 
SAR can be highly variable through the body due to factors such as foreign objects and 
differing electrical properties of tissues, local SAR is often an important consideration.   
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2.2.2. Regulatory Issues 
 Various regulatory standards have been written by organizations such as the 
American Society for Testing and Materials (ASTM) and the International 
Electrotechnical Commission (IEC) [7]. The IEC has set maximum SAR limits over an 
average time of 6 minutes for the various cases under the normal scanner operating range. 
Although vary short spikes in SAR usually will not provide enough energy to produce 
significant temperature rise, the SAR limits over any 10 second period should not exceed 
3 times the listed maximum SAR value. The IEC maximum SAR values for each case are 
listed in Table 1 [8]. 
Table 1 The maximum SAR values and definitions for each case are listed in this table 
according to the IEC standard [8] 
Case Definition 
Maximum SAR 
(W/kg) 
Whole-body “SAR averaged over the total mass of the patient’s body 
over a specified time.” 
2 
Partial-body 
“SAR averaged over the mass of the patient’s body that is 
exposed by the volume RF transmit coil and over a 
specified time.” The maximum SAR is dependent on 
exposed tissue mass. 
2-10 
Head “SAR averaged over the mass of the patient’s head and 
over a specific time.” 
3.2 
Local 
“SAR averaged over any 10 g of patient body and over a 
specified time.” The maximum SAR is dependent on the 
exposed body part. 
10-20 
2.3. Heat and Mass Transfer 
 The four mechanisms of heat transfer are conduction, radiation, advection, and 
convection. Advection and convection involve both heat transfer, in the form of thermal 
energy, and mass transfer, in the form of solids for advection and fluids for convection. 
Convection can be broken down into two subgroups, free convection and forced 
convection. Free convection is a special case of forced convection where the only driving 
force is gravity. Free convection occurs when density gradients form in a fluid 
undergoing heat transfer causing the fluid to move. 
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2.3.1. Forced Convection 
 Forced convection is highly sensitive to many parameters, for example laminar and 
turbulent flow. A general solution for convection problems, such as forced convection 
through a tube is given by Newton’s Law of Convection in equation 2.2. 
  
  
                                                                 (2.2) 
Where Q is heat, t is time,  is the convection heat transfer coefficient,    is the inner 
surface area of the tube, and    is the temperature difference between the walls of the 
tube and the fluid [9].  
 Convection is a highly complicated process which makes precise calculated models 
very difficult to develop. In practice, calculated values of convection coefficients are 
expected to have a 10-20% deviation from the actual values. Errors in excess of 100% are 
not uncommon [10]. Due to these difficulties, experimental measurements are 
recommended to confirm calculated convection coefficients. 
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3. EXPERIMENTAL METHODS 
3.1. Objectives 
 The objectives for this experiment are listed below. 
1. Heating tests performed using current standards such as F2182 do not take 
cooling due to blood flow into consideration [11]. As a result, measured in vivo 
temperature rises for coronary stents may be overestimated. 
2. To make a more realistic assessment of in vivo coronary stent RF heating in MRI 
scanners. 
3. To design and construct an experimental method to simulate the cooling effects of 
blood flow in coronary stents. 
4. Validation of computational models for calculation of temperature rises in the 
presence of blood flow.  
3.2. Experimental Setup Overview  
A system, shown in Figure 3.1, was created to heat an overlapped stent assembly 
submerged in a phantom. Temperature probes were placed at the superior end, overlap, 
and inferior end of the overlapped stents. An RF coil was used to heat the stent 
submerged in the phantom. A steady flow rate of saline solution through the stent was 
achieved by an elevated reservoir. The flow rate was controlled by an adjustable 
regulator. 
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Figure 3.1 The complete system designed and constructed for this experiment is shown in 
this figure. Solution flows from the elevated reservoir, through the stent assembly, then 
into the beaker. Temperature probes were placed at the superior end, overlap, and inferior 
end of the stent assembly. The figure is not drawn to scale. 
3.3. Stent Assembly 
The stent assembly was created by overlapping two Abbott TM1 3.5 mm by 38 mm 
coronary stents to make a combined length of 7 cm. A 14 cm length of dialysis tubing 
with a 2.47 mm inner diameter was then threaded through the overlapped stents. The 
whole stent assembly was then secured on top of acetal resin posts on an acetal resin 
board so the overlapped stents will be 8cm from the bottom and 5cm from the wall when 
submerged in the phantom. Neoptix fiber optic temperature probes were placed at the 
superior end, overlap, and inferior end of the overlapped stents. The temperature probes 
were positioned so the sensor point was in direct contact with the metal of the stent. To 
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add rigidity and enhance the press fit, the temperature probes were partially covered by 
shrink tube sheaths. The stent assembly is shown in figure 3.2. 
Figure 3.2 The stent assembly described above is shown in this figure. The blue sheathed 
temperature probe is positioned at the superior end of the stents, the red sheathed 
temperature probe is positioned at the overlap, and the white sheathed temperature probe 
is positioned at the inferior end. A ruler was included in this picture as a size reference. 
Saline flows through the stents from the superior (left in the picture) end to the inferior 
end (right in the picture). 
3.4. Titanium Reference Rod 
 In order to monitor the consistency of input RF power, an 8 cm long titanium rod 
with a fiber optic temperature probe along its length was tested simultaneously with the 
stent assembly. The titanium rod was mounted on an acetal resin platform to position it 5 
cm from the patient left wall and 8cm from the bottom when submerged in the phantom. 
The mounted titanium reference rod is shown in figure 3.3. 
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Figure 3.3 The titanium reference rod is shown here mounted on the platform with the 
temperature probe in place. The titanium reference rod was placed on the patient left side 
of the phantom for the duration of the experiment. 
3.5. Placement in Phantom 
 The stent assembly was then submerged in a phantom filled with 0.493 S/m 
polyacrylic acid (PAA) so that the stent assembly was 8 cm from the bottom and 5 cm 
from the wall on the patient right side of the phantom. The PAA gel was made with 1.32 
grams of NaCl and 9 grams of PAA per liter of water. A picture of the stent assembly 
submerged in the phantom is shown in figure3.4. As a temperature rise reference, 8 cm 
long titanium rod with a Lumasense fiber optic temperature probe along its length was 
submerged in the phantom 8 cm from the bottom and 5 cm from the patient left wall. A 
diagram of the placement of the stent assembly and the titanium rod is shown in figure 
3.5. 
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Figure 3.4 The placement of the stent assembly in the phantom is shown in this figure.  
Figure 3.5 The placement of the stent assembly and titanium reference rod are shown in 
this figure 
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3.6. Flow Rate Control 
 An adjustable flow rate through the stent was achieved by filling an elevated 
reservoir with a water and NaCl saline solution with a conductivity of 0.454 S/m. A 3.5 
mm diameter IV set was used to connect the reservoir to the superior end of the dialysis 
tubing threaded through the overlapped stents. One end of a second length of 3.5 mm 
diameter IV tubing was connected to the inferior end of the dialysis tubing and the other 
end was connected to an Abbott Dial-a-Flo regulator. The regulator, shown in figure 3.6, 
can be used to adjust the flow from a complete shut off, to a fully open flow rate of 251.4 
mL/h. A picture of the complete system outside of the RF coil is shown in figure 3.7. 
Figure 3.6 This is a picture of an Abbott Dial-A-Flo regulator. The flow rate is adjusted 
by twisting the device. 
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Figure 3.7 A picture of the complete system is shown in this figure. The system is outside 
of the RF coil. 
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3.7. Recording Data 
 The Neoptix fiber optic temperature probe system was interfaced with Neolink 
software installed on a personal computer. When set to record, the Neolink software 
would save temperature measurements from all four individual fiber optic temperature 
probes once every second in a specially formatted text file. From this file, the temperature 
rise over time can be determined. A digital timer was used to keep track of time during 
the experiment. 
3.8. RF Coil System 
 An HP signal generator was used to create a 64 MHz RF signal that was then run 
through an ENI 3200L amplifier set to 150 W. The amplified signal was then sent to a 
GE Signa coil. 
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3.9. Experimental Procedure 
 Each temperature rise versus flow rate data point was collected by the following ten 
minute procedure. The experimental procedure is described below in chronological order. 
1. Fill the reservoir with room temperature saline solution. Let the saline solution 
flow at the set flow rate. Visually inspect the IV tubing to make sure no bubbles 
are present. For the first two runs, set the flow rate to 0 mL/h. 
2. Simultaneously start the timer and place the beaker to catch the saline solution 
flowing out of the system. 
3. After one minute has passed, set the Neolink software to start recording 
temperature measurements. 
4. When two minutes have passed, turn the RF power on. 
5. When eight minutes have passed, turn the RF power off. 
6. When nine minutes have passed, stop recording temperature measurements with 
the Neolink software. 
7. At ten minutes, stop collecting saline solution in the beaker. Weigh the contents 
of the beaker and calculate the flow rate by dividing by 1 g/mL and 10 minutes. 
8. Increase the flow rate by slightly opening the regulator and repeat the procedure 
for the higher flow rate. 
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4. EXPERIMENTAL RESULTS 
4.1. Temperature Measurements 
 The temperature rises were measured at the superior end of the stent, the inferior end 
of the stent, the overlap between the two stent sections, and at the superior end of a 
titanium reference rod for each flow rate. The results are listed in Table 2. 
 
Table 2 Temperature measurements for the superior end, overlap, and inferior end of the 
overlapped stents, as well as the titanium reference rod are listed in this table with each 
corresponding flow rate. RF power was applied for 6 minutes per run.  
Flow Rate 
(mL/h) 
Superior End 
(ºC) 
Overlap (ºC) Inferior End (ºC) Ti Reference Rod 
(ºC) 
0 6.16 0.38 7.03 9.92 
0  6.92 0.23 6.85 10.2 
2.4  6.55 0.33 6.38 9.37 
29.4  5.45 0.54 5.9 9.96 
47.4  3.44 1.21 4 9.91 
96.6  3.17 1.11 3.79 10.1 
162.6  2.84 0.88 3.37 9.63 
251.4  2.73 0.91 3.12 9.5 
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 By averaging the temperature rises at the titanium reference rod, and assuming a rod 
constant of 1.30 ºC/(W/kg) [11], the local background SAR for these tests was 7.56 
W/kg.  
4.2. Temperature over Time 
 The temperature measurements at the superior end, overlap, and inferior end of the 
overlapped stents, as well as the titanium reference rod were recorded over time. The 
changes in temperature were graphed for each data point in Table 1. Figure 3.1 shows the 
temperature over time for the second run with a flow rate of 0 mL/h. Figure 3.2 shows the 
temperature over time for last run which had a flow rate of 251.4. The rest of the 
temperature versus time graphs are listed in appendix A. 
Figure 4.1 The temperature over time are graphed in this figure for the second run. The 
flow rate was 0 mL/h. RF power was applied for 6 minutes. 
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Figure 4.2 The temperature over time are graphed in this figure for the last run. The flow 
rate was 251.4 mL/h. RF power was applied for 6 minutes. 
4.3. Temperature Rise vs. Flow Rate 
 The temperature rises for the superior end, overlap, and inferior end of the 
overlapped stents, as well as the titanium reference rod were calculated for each of the 
flow rates. Each of these values was normalized by dividing the temperature rise by the 
titanium reference rod temperature rise for the corresponding run. The graph for the 
superior and inferior temperature rise vs. flow rate is shown in figure 3.3. The graph for 
the overlap temperature rise vs. flow rate is shown in figure 3.4. 
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Figure 4.3 The temperature rises normalized to background SAR at the superior and 
inferior ends of the overlapped stents are shown in this figure versus flow rate. 
Figure 4.4 The normalized temperature rise at the overlap between the two stents is 
shown in this figure versus flow rate. 
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5. SIMULATION RESULTS 
 Calculations were made for both flow and no-flow scenarios with a method of 
moments program to simulate temperature rises over a 6 minute period. In both 
simulations the parameters were set to a background SAR of 1 W/kg, medium 
conductivity of 0.47 S/m and relative permittivity of 78. Flow was modeled by a zero 
temperature rise boundary condition to simulate convection. The on-flow case resulted in 
a temperature rise of 0.71 ºC. The flow case resulted in a temperature rise of 0.41 ºC. The 
temperature rise gradients for the no-flow case are shown in figure 5.1 and the 
temperature rise vs. time is shown in figure 5.2. The temperature rise gradients for the 
flow case are shown in figure 5.3 and the temperature rise vs. time is shown in figure 5.4. 
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Figure 5.1 The temperature rise gradients from the simulation without flow. Only half the 
stent is shown. The background SAR is 1 W/kg, conductivity is 0.47 S/m, and relative 
permittivity is 78. The maximum calculated temperature rise was 0.71 ºC. 
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Figure 5.2 Temperature rises vs. time simulated at the end of the stent without flow. . The 
background SAR is 1 W/kg, conductivity is 0.47 S/m, and relative permittivity is 78. The 
maximum calculated temperature rise was 0.71 ºC. 
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Figure 5.3 The temperature rise gradients from the simulation with flow. Only half the 
stent is shown. The background SAR is 1 W/kg, conductivity is 0.47 S/m, and relative 
permittivity is 78. The maximum calculated temperature rise was 0.41 ºC. 
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Figure 5.4 Temperature rises vs. time simulated at the end of the stent with flow. The 
background SAR is 1 W/kg, conductivity is 0.47 S/m, and relative permittivity is 78. The 
maximum calculated temperature rise was 0.41 ºC. 
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6. DISCUSSION AND CONCLUSION 
 
 The change in temperature rise due to flow rate was greatest at the ends of the 
overlapped stents. A 58% decrease temperature rise was observed, corresponding to 3.33 
ºC, at the superior end, likewise a 51% decrease in normalized temperature rise, 
corresponding to 3.91 ºC, was observed at the inferior end when the flow was increased 
from 0 mL/h to 251.4 mL/h. The temperature rise at the overlap was minimal (0.38 ºC) at 
the 0 mL/h flow rate and increased to a maximum (1.21 ºC) at 47.4mL/h before 
decreasing again. This behavior indicates that heat is being carried by the fluid. 
 These experimental findings agree with simulated results which also show a decrease 
in temperature rises when flow is accounted for. The temperature rises scaled to local 
background SAR from the experiment and the simulation are summarized in table 6.1. 
 
Table 3 Maximum temperature rises for both the experimental and calculated case. The 
experimental results were scaled to a background SAR of 1 W/kg by dividing the 
experimental results by the average background SAR of 7.56 W/kg. 
  Without Flow (C/(W/kg)) With Flow (C/(W/kg)) 
Experimental 0.89 0.39 
Calculated 0.71 0.41 
 
 These findings indicate that heat is transferred by forced convection with the 
direction of the flow. The heat transfer due to convection cools the overall stent and has a 
normalizing and cooling effect on locations that are usually hot or cold spots when only 
RF power is applied. 
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 Other research has predicted a similar cooling effect of blood flow on coronary 
stents. In one study, a simulation predicted a reduction from 10 ºC to less than 3 ºC even 
with a flow rate less than 3% of the physiological flow rate [12]. 
 The overall conclusion of this work is that in-vivo temperature rise of a coronary 
stent during MRI will be less than half of the value that would be predicted from in-vitro 
tests that do not incorporate the cooling effects of blood.  
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A. STENT TEMPERATURE VERSUS TIME 
Figure A.1 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 0 mL/h. RF power was 
applied for 6 minutes.
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Figure A.2 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 0 mL/h. RF power was 
applied for 6 minutes. 
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Figure A.3 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 2.4 mL/h. RF power was 
applied for 6 minutes. 
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Figure A.4 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 29.4 mL/h. RF power was 
applied for 6 minutes. 
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Figure A.5 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 47.4 mL/h. RF power was 
applied for 6 minutes. 
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Figure A.6 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 96.6 mL/h. RF power was 
applied for 6 minutes. 
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Figure A.7 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 162.6 mL/h. RF power was 
applied for 6 minutes. 
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Figure A.8 The temperature over time is graphed in this figure for the superior end, 
inferior end and the overlap in the middle. The flow rate was 251.4 mL/h. RF power was 
applied for 6 minutes. 
